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out = 72, 
<∆ERand> = 19.5 MeV
[110] alignment, Q
out = 72













Energy loss (normalized to <∆ERand>)
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10000 6.5 MeV/A Pb28+ on Ge 
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Energy loss  ∆E/<∆ERandom>
29 MeV/A Pb72+ in [110] Ge
< MRandom>
	
¯ 755 ﬃﬂ ﬂ!#"!$ N8517 J 71 +,=?;<ﬂ,^C;ﬀ:;<- ; 6B ﬂ()17ﬃﬂb#6 1X9(O1ﬀ10;Y
 ﬂ() 
)+ ﬃ-- ∆%,Xﬂﬁ109( I  )#+!-21\;ﬀ 6B5 ﬀM N TPCQ\RLG 4  
?Xﬂ()0.Y2ﬂ!1H ﬂ- @ﬂ!*
+/ --
4Xﬂ-	;Y3 -2)1@.  ﬂ 1X9(ﬃ! " "t#Z2ﬂ!C 
)+ ﬃ-- .Y -21451 ﬂ #6(6< 







À _ﬀ[»[N·h[`Z$cg[qf"in]JZt[{u$w~+iuﬂh"Zt[{up[qfin[¯cf¯W>c7o/w"Zt[ (]Nfﬀ  ]NZt[©Z$[e]`i9[3 iX il_ﬀ[
"[`h[`fﬀ"[qfﬀ^3[ÇX"xHil_ﬀ[ÁceX/f gﬂw~i9chsce^3cilŁ« X"xd[qgzciei9[3 gX"e[^!w~7[{u xlZ$X"g il_ﬀ[ i9]`Zpo[qi
uBwZ$xB]3^[ª|cil_¯il_ﬀ[ [`fﬀ[qZpo{Ł δ  $" [Nh%X%u$ci9[3/4?^`eX~up[inXÌil_ﬀ[ uUwZ$x]^3[65b~Ł¯il_ﬀ[ cfﬀ^ce"[qfi
ceX/fu!À _~[h~Z$X?b]`bcseci7ŁªxX/ZQi7_~[v[!gvcili9[3h%]qZi9ce^3e[{u}iXb%[ﬂclX/fﬀc ?[3©clu"[`h[qfﬀ[qfiÊX/fHil_ﬀ[
uBh[3^qce[?u!:À _ﬀ[qZ$[3xX?Z$[?y© g]qŁ b[fﬀX{i¯Zt[Nh~Zp[?up[Nfin]Ni9cﬀ[ X"x il_ﬀ[­X/ﬀ[qZ$]e¯[qgzcu'upceX/f
tuBhw"iei9[`Z$cf%omŁﬀcl[e87X{ZYi9X?i9]3%g]{u'uÊ[qgvc+i7i9[3mh%[NZcfﬀ^c7"[qfi>ceX/fzcg,h]3^Nin)







|,[ ~]`ZBŁPil_ﬀ[/47X"^3]95 ^3X{fisZ$c+b~wi9ceX/f δ 0: <; cf ie_ﬀ[Áu$w/Z$x]3^["clupX/Z$"[`Z$[3e]qŁﬀ[qZdx9Z$X/g
|_ﬀ[qZt[il_ﬀ[HclX/fu]`Z$[1[qgvcilin[inX~o[Nil_ﬀ[qZ|,c+il_ ie_~[=4?"cluBi9]qfi>5H^3X/f/i7Z$c+b~w"i9ceX/f δ 0?A@ xlZpX/g
ie_~[¼^NZBŁuBi9]3 u$w/bAuBilZ$]`i9[?y δ  $" Ë δ0: ﬂ;CB δ 0?A@ ]E§´  ﬀ]`Z$ce]Ni9c7X/fkX"x δ   #" clu¶]^`_~ce[!~[3%yup[[






cfÇil_ﬀ[ ^NZBŁu$i9]il_Z$X/wo?_«] up[e[3^Ni9ceX/f«X"x ∆  ]`fﬀ £   ﬀ]wﬀ[{u!Qºm[`Z$[?y δ0: D; clu %[Nhi
^3X{fuBi9]qfiÊ]qf% δ  ?A@ cluﬀ]`Z$ce[?:nilŁhce^]eŁHb~ŁX/f~[vX/Zt"[`ZX"xJgk] o{f~cilwﬀ"[!)AÀ _ﬀ[¿uBh[3^csxce^
^3X{filZ$c+b~w"inceX/fvX"x δ 0: ﬂ; i9X S©gz]qŁb[
[?utincg]qi9[3Ex9Z$X/g ^qw"ZBﬀ[?uJuBwﬀ^q_z]?uri7_~]`iX"x xc7o{wZp[
"yvbŁ [q·ieZ$]`hX"e]qincf%o S ]Ni ?[`Z$X utwbAutieZp]`i9[i9X?i9]!d[qfﬀ[NZpo?Ł lX~u'uÇxX{Z [q·ﬀ]qgﬂh7[{y
S δ  ?A@ Ëd´/R:cluQ^!eX%up[i9X:³cfvxclo?w"Z$[?'
eÊX/w"Z
[!·/h%[qZ$cgk[qfi9]DZ$[?uBw~iuu$_~X?| ]Zt]Nil_ﬀ[qZuBwZh"Z$clupcf%o/Ł uplX?| "[`h[qf%"[qfﬀ^3[
X"xS]{u¶]xw"fﬀ^`i9ceX/f1X"x δ 0?E@ |_ﬀ[qfvwu8cfoEh~ZtX"^3[/wZt[265"~y~cfvh]`Zincl^qwﬀe]NZpyup[3[xc7o{w"Zt[
L!*












tup[3[xclo?w"Zt[ (Uy?ie_~[!Łv[!·"_~cbc+iZ$[qg]qZ%]NbŁkutieZ$X/f%o"[`h[qfﬀ"[!f~^3[?ur|,c+il_ δ ?A@ 
ºmX{|,[!~[!Z8yY]!sDil_ﬀ[{up[ﬂZ$[?uUwﬀ+iuuUw%o"o[?utijil_ﬀ]`i il_ﬀ[h%]NZt]qgk[`in[NZ\ÇyY]{u
gz[]?uUwZ$[35bŁ
ie_~[D, "[`in[^`i9X/ZpyHZ$[`h"Zt[{up[qfiuX/fﬀŁ X/fﬀ[ h]`Zi9ce^!w~e]`ZP]?uth%[^`iÌX"x ~[`ZBŁ ^X"gﬂhe[!·
h"ZtX"^3[{u'up[?uq~ cluZt[e]`i9[3©i9XHil_ﬀ[inX{in] gk]`iei9[`Z¼[qgvciei9[35h%[qZ
cg,h]3^qijil_"ZtX/wo{_^3Xﬀg,he[·
h"_Łu8ce^3]%hZ$X^[?u'u8[?u !il_ﬀ[tu$gk]e h"ZtX{b%]NbcescilŁzx$X{Zj]!fv[!gvcisin[?EgkX"e[3^qwﬀe[iXb[ceX/fﬀc ?[3%y





À _ﬀ[¼g]{u'u\uth%[^`ieZ$]mg[]?uBw"Zt[Eb~Łvil_ﬀ[D, [q·"_ﬀcbc+iY]¼^X/fi9cfwX/wu b%]^TAoZpX/w"fﬀ%y
|_ﬀce^q_Pclu¿il_ﬀ[ u$c7o{f%]NilwZt[ X"xvxZt]?o{g[qf"in]NinceX/f«X"xﬂe]qZpo[ gk]?u'uHgvX"e[3^qwﬀe]qZHceX/fu!  _~[!f




[`·"_~cbc+iu gk]cf~Ł­il_ﬀclu b]3^TAo ZpX/wfﬀ­X"x w"f~[!xcf[3gk]?u'u8[?u!X{Zt[X/ﬀ[`Z8yv|,[ _ﬀ]qﬀ[
]?u)uBwgk[35il_ﬀ]`iQil_ﬀ[D,­[3xxc7^ce[qfﬀ^qŁ η clu¼^3X/fSuBin]NfiyS|E_ﬀce^q_»gk]!ŁªfﬀX/i b%[zi7_~[k^3]{up[¿xX/Z
eX{| %[eX"^c+i7ŁÇxZt]?o/gz[qf"iu1tup[3[ N¢¢) ¾~'ÊÀ_ﬀ[ X/bSup[`Zﬀ[Ç"cexx[qZt[qfi9ce]
[xxB[3^NimcfX"~cfAo
[`f"_ﬀ]qfﬀ^[3ﬂxZt]?o{g[qfi9]`i9c7X/fh"Z$X?b]`bcseci9ce[{uÊBu8[3[xclo(" g]qŁﬂ_ﬀ[qfﬀ^3[b%[wfﬀ"[qZt[{uBi9cgk]`i9[3
m[[`hcfo cf gvcf il_ﬀ[ ]Nb%X/~[ ^X/fu$c7"[`Z$]qi7clX/fu'y«X{fﬀ[ gk]!Ł ]`fﬀ]Ł ?[ is_%[
[`·/h%[qZ$cgk[qfin]"Z$[?uUwﬀiuÊ]{ujxX"seX?|vu!
;*" Hw/Z [q·h[`Z$csgk[!f/in]ﬂZt[{u$w~iu ^3X{f~xcZ$g il_[«[N·ﬀclutin[qfﬀ^3[®X"xd] 4?"[`h"ie_ [xx[3^Ni>5ﬀ¼À _ﬀ[
Z$[3e]Ni9cﬀ[cfﬀxw[qfﬀ^3[X"x»il_~clu [xxB[3^Ni ]{u ^X/g,h]`Z$[3 inX il_ﬀ[ 4eX^]3ª[3xx[^`i>5[qfﬀ[`Zpo/Ł
"[`hX~u$c+i9[?ﬂﬀ[qZBŁ1^!lX~u8[inXzie_ﬀ[[qgvc9u'uUc7X/f1eX"^3]Ni9c7X{fﬀQ[Nh%[qfﬀ%u\X?fvil_ﬀ[E[!f~[`Zpo{Ł1eX%u'uQb%[eX{|
ie_~[uBh~wiei9[qZt[ e]qŁﬀ[NZVkÀ _~cluP[Nh%[qfﬀ"[qfﬀ^3[^]`f­b%[uti7w~"ce[3 wupcf%o il_ﬀ[^q_ﬀ]qf"fﬀ[ecfAo
in[^`_"fﬀc /wﬀ[ﬂX/ﬀ[`Z\]m|,ce[mZ$]!fo[vxZtX/g ﬀ]wﬀ[{uX"x δ 0?A@ ]Nb%X/wi ie|ﬂce^3[u$gk]ee[qZ}whHinXi9[!f
i7csgk[?uje]NZpo[NZYil_ﬀ]qfil_ﬀ[[`fﬀ[qZpo{Łz"[`hX~u8c+i>cfZ$]qfﬀ~X/g o/[3X"gk[`isZBŁﬀ)
4 "Ç¢ivg]qŁÇb[ÇuB_X{|fPwu8cfo X/fi9[3¸½\]qZ$eX u$cg,wl]`i9ceX/fu'yil_ﬀ]`ivxBX?ZHil_ﬀ[ÌaAbÂ]ec7o{fﬀ[?
b[3]qgku'ySil_ﬀ[gk[3]qfd~]3wﬀ[  δ ?A@ 	
X"x¶i7_~[1[Nfﬀ[`Zpo{Ł [Nh%X%upc+i9[3ª^eX~up[zinX5il_ﬀ[k^NZBŁuBin]{
uBwZ$xB]3^[?y:]`ﬀ[NZt]?o[ X/~[`Z ]eªil_ﬀ[ ceX/fuPX"x ie_~[ b%[]g ]qfﬀ X/ﬀ[NZ ]xB[`| in[qfuPX~x
fﬀ]qfﬀXﬀg[Nin[`Z8u'yjcluEilŁhc7^]3sŁ¯X"xil_ﬀ[ªX/Zt"[`Z,X"x¼´  
×
 δ 0?E@  ﬃ "	 DÀ _ﬀ[ªx]3^Ni\il_ﬀ]Ni2G
cf~^!Z$[3]{up[?u¿u$eclo?_/inŁ |_ﬀ[qfÌ^q_ﬀ]qfocf%o xZ$X"g Zt]qfﬀ"X"g i9X®²³"³!´~µ¼]sc7o{f~g[qfiu$_~X?|vuil_ﬀ]qi
ie_~[»uUgz]ex9Z$]3^Ni9ceX/fÌ)³3´ªinX ¾~´ ©¼X"xceX/fu|ﬂceis_ _ﬀclo?_
  #"
BoZ$] ?cf%oi7Z$]RP)[3^NinX{Z$ce[?u|,ci7_
Z$[?uBh[3^Ni inX ²B³~³N´"µ ZtX{|vu$P"X gX/Z$[il_ﬀ]qf iX ^3X/gﬂh[!fup]`i9[il_ﬀ[7X{|,[`Z$cfo X"x¯il_ﬀ[























ilw%/ŁzX"x il_ﬀ[ceX/fz[ gzclu'u8ceX/fvŁ~ce[3exX/ZÊo/cﬀ[qf1[qgzciei9[3uBh%[^ce[?uÊ|,c+il_koc%[qfvgz]{u'u =Uy








 "©X/fi9[ ¸½]`Z$eX u8cgﬂwﬀl]!i9ceX/fuX"xJi7_~[HceX/fdilZ$]KP'[3^NinX{Z$ce[?ucf [¿cf X{Zt"[`ZiX©Z$[e]`in[il_ﬀ[
[`f~[`Zpo{Ł δ 0?A@ "[`hX~u8c+in[»^eX~up[i9X©ie_ﬀ[H[qfilZt]qfﬀ^?[©uBwZ$x]3^3[HX/Z ! $" inX©ie_~[vi9X/in]Ê[Nfﬀ[qZpo?Ł
eX%u'u ∆ ]{uQgz[3]{u$w"Z$[3mb~Ł  a  vupcf%ozu$wﬀ^q_Hu$cgﬂw7]Ni9ceX/fu'yX/fﬀ[gkc7o{_"i "c+Z$[3^Ni9ŁﬂZt[e]`i[





$yQxX/ZaSb ﬁ ﬂ1]`fﬀ aSb
	 ﬂ3DÀ _ﬀ[ª]qfﬀ]Łu8cluﬂg]qŁÌ]lupX b%[
h[`Z$xX{Z$gk[3m|,c+il_il_ﬀ[_ﬀ[+hX"x X/f/in[3¸½]!Z$eXu8cgvw~7]`i9ceX/fuq




























²B³Nµ ½ ½X{_ﬀ[qfz]qfﬀ7UH.U,]`w"ﬀ[NZpo?fﬀ[{yEwﬀ^3¢fuBilZV![Nie_>¾"¾m¾ﬀ´"´ (~Q(~´S








½m½\X{_ﬀ[Nfy? UwZ$]lyD?Y]!cese]`Z$~y	,[NfZ$[?yDSºm]?o[¸ec	1 ;ﬀesy w~^!Y¢futieZ`
[`is_> (¹m)³D V "´/\³T(
² (ﬀµ¿¿\ºmX"cZpy \m"X/w~cly
W ]`ZBZBw?y¿cese[`b]!w~~yWjX~up^q_ykZqw"fﬀcf%o"¸
U,[qgzce]qfyºkZ!w"f~cfo"y¿ﬀ½]?u'u$cgzcly%«~½Q_ﬀ[qﬀ]sec7[NZpyS½ﬀ½X{_ﬀ[qf )1 ;ﬀesy Ewﬀ^¢futieZ`
[`is_>¾&(9¾´"´"³
²l{µ¶[qf%"[`Z8y>º¿ mX"esgﬂwAu]!f~ ,u'uUg1]`f"fy	ﬂwﬀ^¢futi7Z`~[`is_> ¾»9¾~´´"§"
%¹{§%& ³
²eµ©ﬀc7]qfﬀ^q_~clyﬁW[`ZBf~]!f"[ yﬁ{¼¼]{uBin[Nb%X/clu'yEk¼cseecb%[NZiy c+iei9clo"yz]qfﬀﬂ?
]NZBZt[Niein[{yEwﬀ^3¢fuBieZ`![`il_>!¾ﬀ§",)³. ¹  /j´& 













U,[!se] ¸ v[?oZt]{y 7j[ [qŁﬀ[3^{yX{fﬀ]qZiy k

i9]!f~"cfo"y ¿LÇce[qfy Ewﬀ^¢futi7Z`
]`f~[`il_>Ç¾v'³. %¹~¹  ¹




























¢fuBisZBwgª![`il_>  /¾z)³. § ³V(¹A³/
²B³N"µrWj']`ZBZBw?y"/½¶_ﬀ[Nﬀ]eecl[`Z8y&U1MU,]`w"ﬀ[NZpo?fﬀ[{y(	, ¼cZpu8^!_y){¨¸½m3aYX/c  ]`iy½'	
]`Ły"
m"X/w~cly¿{½]?u'u8cgvc9y"º¿	
















 U,[e7]¸ v[?o{Zt]{yﬀUH,V]3^?w~[`iy 7v Ê[-[qŁﬀ[^?yD>aY]qwieZ$]qiyDº¿

_ﬀ]Nhc+ZtX%yÀJ ¿ ÀDX/g,b~Z$[eeX%y?a>_"Łu!	
[`> § ³¾ﬀ´"´~?³N§ (Y³"³3´
²B³N"µJk.\ZBw"fﬀ[ee[{y







X"sce~u³³!´,)³ ¹  ¹
²B³N§"µ ?X~uBiy kÇce[qfy"k'}ZBw"f%[ee[{y

MU,[!se] v[?o?Z$]?y? UE[Nh%]Nw|vy&U1V]^{wﬀ[`iy"«
aY]`w"ieZ$]`iy%7v!j[0[qŁﬀ[3^{yEwﬀ^3¢9futi7Z` ]`f~[`il_>³N%¹m¾´"´´/Y¾~´"S
²B³3¹µ

MU,[!ee] z[?o{Zt]{y7v?j[+[qŁﬀ[^?y(?X?f]`Ziy k

in]Nf%"cf%oﬀy ¿Pce[qfy"aS_Łuq1	
[` 
Ê[`isi$"¹m)³. ~¹§³!§S
